Understanding the physiological tolerances of ectotherms, such as thermal limits, is important in predicting biotic responses to climate change. However, it is even more important to examine these impacts alongside those from other landscape changes: such as the reduction of native vegetation cover, landscape fragmentation and changes in land use intensity (LUI). Here, we integrate the observed thermal limits of the dominant and ubiquitous meat ant Iridomyrmex purpureus across climate (aridity), land cover and land use gradients spanning 270 km in length and 840 m in altitude across northern New South Wales, Australia. Meat ants were chosen for study as they are ecosystem engineers and changes in their populations may result in a cascade of changes in the populations of other species. When we assessed critical thermal maximum temperatures (CT max ) of meat ants in relation to the environmental gradients we found little influence of climate (aridity) but that CT max decreased as LUI increased. We found no overall correlation between CT max and CT min . We did however find that tolerance to warming was lower for ants sampled from more arid locations. Our findings suggest that as LUI and aridification increase, the physiological resilience of I. purpureus will decline. A reduction in physiological resilience may lead to a reduction in the ecosystem service provision that these populations provide throughout their distribution.
INTRODUCTION
As temperature and rainfall patterns are becoming less predictable and more variable across many parts of the world (Coumou & Rahmstorf, 2012; Harris et al., 2018) , understanding population and species responses are critical to understanding how ecosystem structure will change (Smith, 2011a (Smith, , 2011b . Understanding the impacts on species from exposure to extreme temperatures is critical, particularly for ectotherms and poikilotherms. It is important because these taxa, particularly insects, are more susceptible to seasonal variation and extreme temperature exposure, rather than the average annual increases in temperature (Clusella-Trullas, Blackburn & Chown, 2011; Kingsolver, Diamond & Buckley, 2013) .
Evapotranspiration is a key defining measure of ecosystems (Stephenson, 1998) . Changes in precipitation patterns occur with rising temperatures, increasing rates of evapotranspiration (Dai, 2011) which can lead to aridification (Girvetz & Zganjar, 2014) . Many organisms can survive (Chanthy et al., 2015) or even thrive with high (or low) temperatures if there is an appropriate level of available moisture (Punzo & Mutchmor, 1980; Williams, Henry & Sinclair, 2014) . However, in ecosystems with high temperatures and low available moisture (e.g. more arid environments), most individuals are less likely to perform well (Punzo, 1991) unless they have adapted to environmental water scarcity (Huang et al., 2015) . Much of the research done along gradients, particularly latitudinal gradients, takes into account the direct measurement of temperature, but fewer take into account the relationship with moisture. Indeed at similar latitudes across continents precipitation and aridity plays a key role in species interactions and diversity pattern (Andersen, 2016; Byrne et al., 2008; Fattorini & Salvati, 2014; Pérez-Sánchez, Lattke & Viloria, 2013; Scherer et al., 2016; Suhling, Martens & Marais, 2009; VanDerWal et al., 2013; Wiens, Kozak & Silva, 2013; Yin, Ma & Wu, 2018) . In this study, we use the composite Aridity index which incorporates data on both rainfall and evaporation.
It is intuitive to take into account the impacts of climate change relative to other anthropogenic changes to landscapes including the reduction of native vegetation cover, landscape fragmentation and changes in land use intensity (LUI; Oliver & Morecroft, 2014; Sala et al., 2000) . Land-use change has led to major changes in biological patterns and process worldwide (Sala et al., 2000) . In Australia, much of the landscape has changed, particularly since European settlement: native vegetation has been removed or highly modified for cropping or livestock grazing (Dorrough, Stoi & McIntyre, 2008) . In some cases, the native vegetation has returned as secondary re-growth (Doherty, 1998) . Land-use changes and changes in LUI can have immediate, short-term and long-term impacts on the soils and vegetation found at sites, and this can then modify the insect populations and communities that rely on these areas for shelter and food (Picanço et al., 2017; Tuck et al., 2014; Yates, Gibb & Andrew, 2011) .
To enable decision makers to make better decisions in regards to the management and conservation of biodiversity and ecosystem services both now and into the future, assessing the synergistic effects of changes in land cover, land use and climate are critical (Forister et al., 2010; Mawdsley, O'Malley & Ojima, 2009 ). Climate change is occurring in association with fragmenting landscapes and rapid movement of animals and plants locally, nationally and internationally, which all influence the evolutionary adaptation potential of species (Hoffmann & Sgro, 2011) . Synergies among climate change and other key threats such as land clearing, land-use change and fragmentation (Brook, Sodhi & Bradshaw, 2008; Huey et al., 2012) have negative impacts on trees (Laurance & Williamson, 2001) , ants via urbanisation (Diamond et al., 2017) and modelled species (Travis, 2003) . Oliver et al. (2016) found that a greater amount of woody plant canopy cover increased ant richness (species and genus) and diversity, whereas a higher amount of land cultivation, grazing, exotic plant groundcover and bare ground reduced species richness. At sites with warmer and drier climates (i.e. a higher aridity index), native plant canopy cover had the greatest benefit, and exotic plant cover had the most negative effects, on ant species richness (Oliver et al., 2016) . From the previous findings of Oliver et al. (2016) , we predict that the effects of landscape change on diversity may also affect the thermal physiology of insect populations.
If local populations do not have large dispersal distances, they must adapt to their local conditions. In a warming climate, ectotherms may change their behaviours to find shade for heat relief or foraging away from exposed sites, forage at different times of the day (Kearney, 2013), or maintain a univoltine life-cycle to reduce exposure particularly in highly seasonal environments (Kearney et al., 2018) . Thus, thermal physiology is a major constraint on how organisms cope with environmental change (Pörtner & Farrell, 2008) .
Temperature mediates the physiological reactions of poikilotherms (Angilletta, 2009). Assessing their performance and physiological responses are critical to understanding biotic responses to climate change (Andrew & Terblanche, 2013) , particularly the effects of exposure to thermal stress and temperature extremes (Andrew et al., 2013a; Vasseur et al., 2014) . Biochemical and physiological reactions that are mediated by temperature and thermal stress can negatively influence development, growth, metabolism, movement and reproduction, leading to changes in community and ecosystem level processes (Dell, Pawar & Savage, 2011; Grigaltchik, Ward & Seebacher, 2012) . Thermal performance curves identify how body temperature influences performance or fitness of an ectotherm (Sinclair et al., 2016) . A key response to thermal stress identified by these curves is critical thermal limits: the functional endpoint that identifies upper and lower limits of temperatures that insects can tolerate from which they are unable to escape (Lighton & Turner, 2004) . Assessing critical endpoints, such as critical thermal maximum (CT max ) and critical thermal minimums (CT min ), play a key role in understanding how insects can live and survive in their environments, but their calculations can vary widely (Terblanche et al., 2007) . New statistical methods have been devised to attempt to generate consistency across methods (Kingsolver & Umbanhowar, 2018) , especially as they now are being used for large-scale assessments (Sunday et al., 2014) . Thermal stress is a key issue for all taxa including those that are dominant within ecosystems (Andrew, 2013; Andrew, Ghaedi & Groenewald, 2016; Andrew et al., 2013a; Mooney et al., 2009) . Critical thermal limits of dominant and widespread species may change across aridity, climatic, land use and land cover gradients (Angilletta et al., 2007) : leading to changes in community structure and the provision of ecological services (Traill et al., 2010; Stuble et al., 2014) . Exposure to different microclimates may influence ectotherm physiology in more unpredictable ways than just exposure to warmer temperatures. Microclimates that ants are exposed to (Andrew et al., 2013a; Hemmings & Andrew, 2017 ) change substantially across surfaces within different habitat spaces: such as those with the bare ground, a high grazing intensity, exotic plant species cover and woody ground cover.
Throughout many terrestrial ecosystems worldwide, ants provide key ecosystem services and mediate key ecosystem processes (Del Toro, Ribbons & Pelini, 2012; Hölldobler & Wilson, 1990) . Ants play key roles as ecosystem engineers in their environment and can influence the soil processes and properties surrounding their nests (Frouz & Jílková, 2008) . Here, we focus on meat ants (Iridomyrmex purpureus (Smith, 1858) as they are a dominant and ubiquitous part of the landscape (Andersen, 2000; Greaves, 1971; Greenslade, 1976) . I. purpureus populations are found throughout most of mainland Australia (ALA, 2018) and are a common and easily recognisable invertebrate (Greaves, 1971) , primarily due to the large mounds they produce on the ground surface in open woodlands (Greaves & Hughes, 1974 ) and arid environments (Mobbs et al., 1978) . They are behaviourally dominant as an actively aggressive diurnal species (Andersen & Patel, 1994) .
Iridomyrmex purpureus can have a substantive impact on the availability of resources and the use of these resources by other species in different landscapes (Gibb, 2005) . They are also excellent at resource exploitation and interference competition to enable them to dominate and control resources quickly (Gibb & Hochuli, 2004) . Individual workers can maximise their foraging times by displaying opportunistic thermal responses and adjusting foraging behaviour to deal with high trail temperatures (Andrew et al., 2013a) . Interestingly, throughout Australia, soil type is thought to limit their distribution, even if the climate envelope of the location is suitable (Greaves, 1971) .
Our study was carried out along a 270 km aridity gradient spanning 840 m in altitude in northern NSW, Australia (Table 1) . We predict that a range of environmental stressors will influence meat ants CT max , but aridity will be the key driver, and that CT min should be relatively consistent along the gradient. Warming tolerance defines how much warming an organism can tolerate before lethal levels are attained (Deutsch et al., 2008) : it measures the difference between the upper critical thermal limit and the ambient habitat temperature. These values can change substantially based on the derivation method of habitat temperatures (Andrew et al., 2013a) . Warming tolerance of meat ants should be highest at the cooler/wetter parts of the aridity gradient, and the calculated measure should consistently reduce if warming tolerance is based on either (1) data from long-term climatic data, (2) seasonal data or (3) daytime temperature data when the ants are foraging.
Here, we address the following questions:
What are the critical thermal limits (CT max and CT min ) for I. purpureus across sites representing the main climatic, vegetation and land-use regimes?
What are the key environmental drivers (climatic, soil, vegetation and land-use regimes) influencing thermal limits?
What is the relationship between I. purpureus' warming tolerance and aridity along the environmental gradient?
METHODS

Site selection
A total of 11 sites were chosen from the 87 used in Oliver et al. (2016) to sample the range of climatic, land-use and native woody vegetation cover along these gradients (Table 1) .
The area has some of the most fertile soils in Australia, with much of the farming practices dominated by livestock grazing on modified pastures and native vegetation, and dryland and irrigated cropping (Australian Bureau of Rural Sciences (BRS), 2009). Semi-arid woodlands dominate native remnant vegetation at lower altitudes through to grassy woodlands and dry sclerophyll forest at higher altitudes (Keith, 2004) . Sites were chosen to maximise the range in: climate (Aridity: based on rainfall and evaporation collected from modelled climate data from ANUCLIM 6.1 (Xu & Hutchinson, 2011 ) over three time periods: 3 months, 12 months and 36 months); land cover (total native woody cover (Canopy) and bare ground); land use (intensity of use: LUI; exotic groundcover); soil pH; and clay content. LUI is a semi-quantitative index based on cultivation and grazing severity and age: so more intensively managed sites have higher values (ranging between 0 and 12). More information on the calculation and justification of using these variables can be found in Oliver et al. (2016) . Aridity was calculated as:
Where Rain and Evap are the total rainfall and pan evaporation in millimetre for the period of interest. Aridity ranges from 0 to 1 with more arid environments approaching 1. The aridity index had a high correlation with temperature over three time periods (3 months, 12 months and 36 months) generated using from ANUCLIM 6.1 (Correlation R above 97.4% and p > 0.0001 for all pairwise comparisons) among sites. Therefore, we chose to keep the direct model comparisons with aridity.
Collections of a minimum of 30 individual I. purpureus from each site occurred between April and May 2014. After collection, ants were held at 25 C for 2 h to avoid effects of time of day of capture differences along the gradient. Previous work on I. purpureus found no effect of time of day of capture/nest temperature on thermal tolerances (determined via thermolimit respirometry) from a single site (Andrew, Ghaedi & Groenewald, 2016) . Critical thermal maximum and minimum assessments (CT max and CT min )
CT max measurements were carried out in a Grant R4 waterbath with a GP200 heater using distilled water. A total of 10 individuals from each site were each put into a single 50 ml vial for testing, and readings for each ant were taken. The waterbath temperature was stabilised for 10 min at 25 C and then ramped at 0.25 C/min until CT max was reached.
CT max was identified when an individual ant could not perform coordinated motor functions in the vial to right itself after being turned onto its side (Andrew et al., 2013a) . CT max could go up to 55 C (equivalent to 120 min/individual and 30 C temperature change at 0.25 C/min). Ramping at 0.25 C is considered the most 'standard' temperature ramping rate, at which the body temperature of ants is in equilibrium with their surroundings (Andrew et al., 2013a; Chown et al., 2009; Lighton & Turner, 2004; Nguyen et al., 2014; Terblanche et al., 2007) . CT min was carried out similarly to CT max using 1:1 distilled water/glycol mix. Waterbath temperature was stabilised for 10 min at 5 C and then decreased at a rate of 0.25 C/min until CT min was reached. CT min was identified when an individual ant could not perform coordinated motor functions in a 50 ml vial to right itself after being turned onto its side (Andrew et al., 2013a) . CT min could go down to -15 C (equivalent to 80 min/species and 20 C temperature change at 0.25 C/min). To measure temperatures that ants were exposed to within each vial, a Type-T thermocouple was placed within another 50 ml vial that was plunged with the ants and connected to a temperature datalogger (Testo 175 T3; Testo, Melbourne, Australia) with data logged as waterbath temperatures were ramped: the Testo temperature was used to identify ant CT max/min .
Model fitting
We used R (R Core Team, 2017) and the R package lme4 (Bates et al., 2015) to perform a linear mixed effects analysis of the relationship between CT max as a response variable against the environmental variables of aridity, LUI (converted to a proportion), soil clay content, exotic plant ground cover and total native woody cover (Canopy) designated as fixed effects. We explored the singular interaction effects of Aridity:LUI, Canopy:LUI and Clay:LUI in some models as well as the impact of dropping main effect variables. With this framework, we considered random intercept models by site only, and by both site and CT min (individually). We also considered a random intercept, random slope model with CT min within Site as the random effect. We repeated this model selection process with CT min as the response variable and CT max as the predictor variable where appropriate. Models were initially fit with REML and then refitted with ML for comparison in Likelihood ratio tests. Minimum AIC values and p-values < 0.05 were used to aid model selection. Visual inspection of residual plots of the preferred models was used to assess obvious deviations from homoscedasticity or normality. Visualisation of random effects was undertaken using R package sjPlot (Lüdecke, 2017) . Standard errors and confidence intervals for predicted values of preferred models were undertaken using parametric bootstrapping (n = 1,000) within R package bootpredictlme4 (Duursma, 2017) and visualised within R package visreg (Breheny & Burchett, 2017).
Warming tolerance
Warming tolerance was calculated using the equation of Deutsch et al. (2008) and Diamond et al. (2012) : CT max -T hab . The T hab calculation may include different calculations (e.g. annual average; summer average; microclimate summer average; and microclimate summer 10 am-4 pm summer average) which are ecologically relevant and to identify the most appropriate to assess ectotherm stress (Andrew et al., 2013a). For T hab here, we did not have access to microclimate data, so we modelled site location data using ANUCLIM V6.1 (Xu & Hutchinson, 2011) 
RESULTS
Critical thermal maxima of individual ants ranged between 41.5 and 49.2 C, and CT min between 0.3 and 7.1 C in this study. There was no consistent relationship between CT min and CT max across the 11 sites sampled (Fig. 1) , suggesting no causal relationship between the two endpoints. The preferred model proposed for explaining meat ants CT max across the landscape is:
The fixed effects for this model are shown in Table 2 . The overall random effects for the model above are (in terms of variance): Site: 1.04; CT min |Site: 0.19; and Residuals: 1.49. As shown in Fig. 2 , variation among Sites is an important source of variation (much more so than CT min although the inclusion of this was still significant as per the model selection process). However, there is still additional (unaccounted for) variation in the residuals. For the variables of LUI and Clay, there were significant relationships with CT max (Fig. 3) . As LUI increases, CT max decreases; whereas clay content was positively correlated with CT max .
For explaining meat ants CT min across the landscape, a similar model is proposed as that for CT max :
The fixed effects for this model are shown in Table 3 . The overall random effects for the model above are (in terms of variance): Site: 1.3; CT max |Site: 0.35; Residuals: 1.38. As with CT max , the sites also exhibit a high amount of variation (Fig. 2) . The prediction intervals for CT min also show similar results as those for CT max (Figs. 3C and 3D) , however, the relationships are weaker for both LUI and Clay content.
We found a negative relationship between the warming tolerances of I. purpureus and landscape aridity (Fig. 4) . This relationship was consistent among all measures of mean temperatures (no significant difference in Test for Common Slope across Groups: Test Statistic = 1.49, p = 0.482). There was a significant difference in the slope elevation of warming tolerance between the 3 months and 36 months mean temperature calculations ( Fig. 4; d. f. = 2, WALD = 95.30, p < 0.0001).
DISCUSSION
Identification of critical thermal limits and physiological responses of insects to a changing climate is crucial for understanding how individuals and populations will respond to changes in their local environment (Andrew et al., 2013b; Andrew & Terblanche, 2013) . These responses are becoming a key area of research interest (Andrew et al., 2013a) . The assessment of common species responses to a changing climate needs to be thoroughly assessed, as changes in the population structure of these taxa can have large implications for the ecosystems in which they provide ecosystem services (Andrew, 2013; Gaston, 2011; Inger et al., 2014) . Also, as landscapes become more fragmented and disturbed, common and dominant species responses to changes may also be limited. Here, critical thermal maxima and minima were determined for populations of a dominant ant species that encompassed an extensive distribution along an environmental gradient.
There was no strong pattern in CT max and CT min associated with the environmental variables tested. The results of the CT max measurements indicate there is a high variation of CT max across sites, this may be due to the ants being field fresh, and so their previous exposure to a variety of stresses may influence their thermal capabilities. However, this is also important, as it indicates that no one individual stress dominates the thermal and they have different thermolimit responses based on exposure to microclimate temperatures on the nest surface (Andrew, Ghaedi & Groenewald, 2016) . Critical thermal maxima of individual ants ranged between 41.5 and 49.2 C, and CT min between 0.3 and 7.1 C in this study. This is a very wide range of readings for CT max and could be due to age, nutritional status, stress or prior heat exposure that the ants may have been exposed to (Nyamukondiwa & Terblanche, 2009; Sørensen, Dahlgaard & Loeschcke, 2001) . Upper thermal limits are thought to be less variable compared to lower limits (Addo-Bediako, Chown & Gaston, 2000; Diamond et al., 2017) , however, it is known that environmental exposure does influence these limits (Hoffmann, Chown & Clusella-Trullas, 2013) , and this is seen in the relationships with both LUI and Clay in this study. Here, we measured CT max and CT min by observing an individual ant's ability to right itself while temperatures were increasing at 0.25 C/min. The calculation of critical thermal limits using ant righting behaviour may be more variable than using physiological critical limits. Physiological critical limits include methods such as upper lethal temperatures: where ants are exposed to static temperatures for 2 h (Andrew et al., 2013a); or thermolimit respirometry: where CT max is derived from metabolic measurements using flow-through CO 2 -based respirometry and optical detection, when temperatures are ramped at a consistent rate (Andrew, Ghaedi & Groenewald, 2016; Lighton & Turner, 2004) . As an alternative measure of CT max , thermolimit respirometry (Lighton & Turner, 2004 ) may be more robust, as the method explicitly measures the ceasing of metabolism (release of carbon dioxide) of the ant; but it is also a different measure of CT max , as there is no ability for the ants to recover from heat exposure in thermolimit respirometry. When the fitted models were used to assess critical thermal limits, it was clear that sitespecific differences strongly influenced the results found. However, LUI and soil clay content also played a significant role in influencing ant physiological end-points. This suggests that ant populations that were exposed to higher levels of habitat modification (via LUI) showed lower climatic resilience relative to less disturbed habitats. However, there is still additional unaccounted for variation in the residuals which suggests that there may be other variables (unmeasured) that may affect the meat ants' climatic resilience.
For ants, much of the research on local effects of habitat disturbance has been carried out on changes in communities (Andersen & Majer, 2004; Andrew, Rodgerson & York, 2000; Bromham et al., 1999; Yates et al. 2014) . Previous work carried out along the same gradient (Oliver et al., 2016) used for this study found clear evidence supporting a role for landscape adaptation to maintain and restore species richness of ant communities at the site level. Their study found that higher woody native tree and shrub cover, and lower exotic plant groundcover had a positive effect on ant species richness. Interestingly, LUI the authors found no significant impact on the species richness within any of the ant genera assessed across the gradient.
In this study, soil clay content had a positive effect on I. purpureus worker CT max . Soil clay content did have a positive influence on Iridomyrmex spp. diversity in Oliver et al. (2016) . Clay and clay-like substrate is an important component for ant nest development (Monaenkova et al., 2015) and is critical for other insect taxa, such as termites in giving their feeding galleries structural integrity (Oberst, Lai & Evans, 2016) . Soil type is known to influence meat ant distribution (Greaves, 1971) , and clay soils have a much better ability to hold moisture (O'Geen, 2013) . Meat ants are known to remove fine and medium grain sand from their nests (Ettershank, 1968) which has poorer moisture holding properties than clay (Saxton et al., 1986) . As I. purpureus nests are known to remain in the same location for over 70 years (Greenslade, 1975) , substantive structural elements are required to keep the nest maintained during this time. The amount of clay in an I. purpureus nest is representative of the surrounding non-nest soil (Ettershank, 1968) . I. purpureus nests are also not found on quartz sand soils, even when climatic factors are suitable, indicating that soil type can be a limiting distributional factor (Greaves, 1971) . As clay plays a role in the distribution of the species, it also plays a role in the physiological breadth of individuals.
We calculated warming tolerance using three different measures of habitat temperature; all generated based on location data using ANUCLIM. In line with our predictions these all indicated that an increase in aridity reduced ant tolerance to warming. When the warming tolerance was previously calculated for I. purpureus at a higher altitude (Armidale, NSW: 980 m.a.s.l.), similar calculations were made: a warming tolerance of 19.5 C was calculated on weather station summer average, and 25.8 C based on weather station annual average (Andrew et al., 2013a) . As Armidale is a more temperate site than those tested here, it would be at the lower scale of the aridity index. Across the aridity index (which has a high correlation with temperature among sites), there was a 10 C difference in warming tolerance for I. purpureus. With a prediction of global increases in air temperature of 2 and 6 C over the 21st Century, and in the region assessed there is an 80% probability of a 3 C warming and a 30% probability of a 4 C warming with a likelihood of reduced annual rainfall of 3-5% (CSIRO-ABM, 2012), aridity of the region assessed will only continue to increase. With further temperature variation and exposure to extreme temperature events (Harris et al., 2018) , especially at the microscale, these mid-latitude ants will become more susceptible to heat stress (Kingsolver, Diamond & Buckley, 2013) .
CONCLUSION
From this study, we found that across the range of our gradients, habitat type (e.g. soils) and LUI were more limiting factors on meat ant CT max and CT min than climate, but that an increase in aridity did reduce ant tolerance to warming. Meat ants are dominant and abundant within the ecosystems where they are found, and physiological stress may reduce their abundance and change their interactions with other species. As sharp declines in insect abundance are becoming increasingly well documented with changing climates (Lister & Garcia, 2018) , and key changes in species richness with land-use change are documented (Oliver et al., 2016) , it becomes increasingly important to better understand the relative and potentially synergistic influences of the biotic and abiotic environment (Andrewartha & Birch, 1954; Berggren et al., 2009; Chown & Terblanche, 2007) in causing these changes.
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